Abstract. Previous reviews of wildfires where a fatal firefighter burnover occurred have found that the incidents usually share similar characteristics in terms of the fire environment, such as steep slopes and complex topography (e.g. box canyons). Despite these similarities, systematic identification and communication of the locations where these conditions prevail are rare. In this study we used a presence-only machine-learning algorithm (Maximum Entropy, MaxEnt) coupled with spatial location information from past fatal firefighter burnovers to identify and characterise the environmental variables that are likely to produce conditions suitable for a fatal burnover. Southern California was chosen to conduct the analysis as it has a well-documented history of past fatal firefighter burnovers and a complex fire environment. Steep, south-west-oriented slopes located in canyons with a shrub fuel type were found to be the most dangerous locations for firefighters. The relative danger to firefighters from a fatal burnover is described and summarised at both the 30-m pixel and local watershed scale.
Introduction
The physical characteristics of the terrain where wildland fires occur, including slope steepness and shape, have long been known to be important factors affecting fire behaviour and firefighter safety (Barrows 1951) . Although the exact mechanisms by which slope enhances fire behaviour are not entirely clear, it is thought that increased convective and radiant heating towards unburned fuels due to a change in flame angle rapidly increases spread rate, especially when flames become 'attached' to the slope (Rothermel 1985; Weise and Biging 1996; Butler et al. 2007) . Flame attachment and the resulting dramatic increase in rate of spread generally occurs because of a combination of the increased velocity of hot gases in physically constricted areas, i.e. the Venturi or chimney effect, and the Coandȃ effect, which causes the buoyant plume to attach to surfaces due to the inability to entrain air from the side adjacent to the surface (Simcox et al. 1992; Gallacher et al. 2018) . Slopes steeper than ,45% (,248) appear to be most prone to flame attachment and have been implicated as a contributing factor in case studies of firefighter burnover incidents (Sharples et al. 2010) and civilian deaths in a confined escalator (Edgar et al. 2016) .
In combination with slope steepness, terrain shape and configuration, particularly in relation to canyons, have also been shown to be important considerations for fire behaviour and firefighter safety (Viegas and Pita 2004; Viegas and Simeoni 2011) . For example, local and broad-scale terrain features have been noted to enhance the potential for dynamic and thermally driven winds, including foehn and gap winds, valley winds, and winds due to chimney effects, which raises the potential for extreme fire behaviour and potentially threatens firefighter safety (Schroeder and Buck 1970; Clements 2011) . Viegas and Simeoni (2011) described the rapid acceleration of fire spread that is common where wind and slope align as 'eruptive' fire behaviour and highlighted the potential contribution of these conditions to wildland firefighter fatalities through mechanisms including positive feedbacks, gas accumulation, flow attachment, change in wind direction or velocity, thermal belts, atmospheric instability and spot fires. The rapid increase in fire behaviour associated with eruptive conditions often surprises firefighters, making previously identified escape routes, escape times and safety zones inadequate, which can sometimes result in death or serious injury (Rothermel 1993; Butler et al. 1998; Cheney et al. 2001; Viegas and Simeoni 2011) . Recent research has also shown that firefighters who are entrapped by a fire on steep slopes have a significantly lower likelihood of survival than firefighters entrapped on flatter terrain (Page and Butler 2017) .
Owing to the potential for extreme fire behaviour in areas with complex topography, wildland firefighters are often trained to recognise and avoid specific topographic features including; steep slopes, chutes or chimneys, box canyons, saddles and narrow canyons (National Wildfire Coordinating Group 2014) . The importance of these specific terrain features in terms of wildland firefighter safety is based in large part upon previous analyses of firefighter fatalities, such as by Wilson (1977) , who found that an increase in fire behaviour due to fires moving rapidly uphill in chimneys, gullies or on steep slopes was a common element in firefighter fatalities in the USA. Other work has also argued that the effects of solar radiation on fuel flammability, especially when coupled with topography, is key to accurately predicting fire spread and determining firefighter suppression success (Countryman 1966; Campbell 2005) . Recognising these elements within the fire environment is often described as gaining situational awareness or using your senses to gather information about your surroundings (National Wildfire Coordinating Group 2007) . Improved situational awareness and a willingness to learn from previous experiences enhances firefighter safety, which is often a focus of firefighter training (Fig. 1) .
Southern California represents a unique combination of flammable vegetation, complex topography and critical fire weather (Countryman 1974; Sugihara et al. 2006) . The region encompassing the 10 southernmost counties A in California is dissected by two distinct mountain ranges; the Transverse Range that runs west to east across Santa Barbara and San Bernardino Counties and the Peninsular Range that runs south to north, approximately parallel to the coastline (Jahns 1954) . The groups of mountains that encompass these two ranges cover large environmental gradients in terms of elevation, climate and vegetation composition. Individual mountain ranges can have elevations that go from near sea level to more than 3500 m with strong rain-shadow effects producing large variations in precipitation from the Pacific Coast in the west to the Mojave Desert in the east (Schoenherr 1995) . The complex topography also produces varied landforms including steep canyons and desert plains that sometimes meet in mountain gaps that are known to amplify the effects of local katabatic winds, also known as Santa Ana winds, that help produce large fire events in the fall and early winter Moritz et al. 2010) .
Coincident with the complex topographic features of Southern California is the presence of a plant association referred to as Chaparral. Chaparral is typically located on steep slopes between 300 and 3000 m in elevation with nutrient poor soils where average annual precipitation is between 300 and 600 mm (Tyrrel 1982) . This plant community is widely considered to be one of the most flammable in North America and as such is recognised by firefighters to produce extreme fire behaviour, especially during high winds (Rothermel and Philpot 1973; Paysen and Cohen 1990) . Several high-profile firefighter burnover incidents have occurred in Chaparral located within Southern California including the Esperanza (Maclean 2013) , Canyon (Countryman et al. 1969) , Loop (Countryman et al. 1968) and Inaja (USDA Forest Service 1957) fires.
Although there is adequate evidence available to characterise the environmental conditions that can lead to the potential for eruptive fire behaviour and threaten firefighter safety, there have yet to be systematic efforts to identify and communicate the specific locations where those factors combine to produce dangerous conditions. The objective of this study is to improve wildland firefighter situational awareness by identifying and describing the environmental factors that have been associated with past fatalities and the locations within the study area where their combined influence poses the greatest threat to firefighter safety. Specifically, by using the locations of previous fatal firefighter burnovers and georeferenced environmental information, we aim to (1) assess the individual and combined influence of specific terrain (aspect, elevation, landform, potential incident radiation and slope) and fuel and climate (environmental site potential and annual precipitation) characteristics on the suitability of a location for a fatal burnover by using a presence-only machine-learning modelling approach called Maximum Entropy (MaxEnt) (Phillips et al. 2006) , (2) present and describe the results based on geographic location, and (3) summarise the results at the local-watershed scale to aid in interpreting and communicating the findings. Southern California was selected as an ideal study area as it contains varied and complex terrain, climate and fuel, and it has a well-documented history of eruptive fire behaviour associated with fatal firefighter burnovers.
Methods

Fatality data
Information about fatal firefighter burnovers that occurred in Southern California between 1928 and 2009 was obtained from the Always Remember! (see http://www.wlfalwaysremember. org, accessed 5 July 2017) and Colorado Firecamp websites (see http://www.coloradofirecamp.com/honoring-our-fallen/fatalitysites.htm, accessed 5 July 2017). Specifically, the incident name, date, spatial location and number of fatalities were extracted for each incident listed as a burnover and cross-referenced to verify accuracy. Data were also compared against the documents available for specific incidents at the Wildland Fire Lessons Learned Center Incident Review Database (see http://www. wildfirelessons.net, accessed 5 July 2017).
The incident information provided by Always Remember! is unique in that it incorporates data collected from a variety of sources, including the original investigation reports, but also from the wildland firefighter community in order to 'provide a place to research and collect the information, then share it in a user friendly manner' (see www.wlfalwaysremember.org/ about-always-remember.html, accessed 21 February 2018). The wildland fire community is encouraged to contribute additional information about historical incidents on an ongoing basis to improve the database. Of the 37 fatal burnover incidents listed between 1928 and 2009 in Southern California, 17 (or 23% of the total fatalities) did not contain adequate burnover location information (as of 5 July 2017) and were excluded from the analysis.
Geospatial data
Seven environmental variables were selected to complete the analysis based upon previously identified characteristics common to fatal firefighter burnover incidents (Table 1) . Elevation within the study area was obtained from a 30-m Digital Elevation Model (DEM) provided by the LANDFIRE project (LF 1.3.0) (Rollins 2009 ). Aspect and slope were calculated within a Geographic Information System (GIS) based on the DEM and the methodology described by Horn (1981) . Aspect was further transformed to a linear scale between 0 and 2 following Beers et al. (1966) , where 0 represents a south-west aspect (2258) and 2 represents a north-east aspect (458). Potential annual direct incident radiation, symmetric about a north-east to south-west axis, was also calculated using the methods of McCune and Keon (2002) . The incident radiation variable incorporates the effects of latitude, slope and aspect to estimate the potential yearly direct solar radiation incident on a slope, excluding shading effects from cloud cover and vegetation. Additionally, landform type (10 levels) was determined for the Southern California study area based upon the topographic position index calculated at the 500-and 2000-m grid scales within a GIS (Jenness 2006) .
The influence of fuel type or composition and climate were incorporated into the analysis by using the Environmental Site Potential (ESP) data provided by LANDFIRE and the 30-year (1981-2010) average annual precipitation data provided by the (ESP, (0) (1) (2) (3) (4) (5) (6) (7) (8) (9) LANDFIRE Represents the vegetation that could be supported at a given site based on the biophysical environment, at the 30-m resolution (Rollins 2009 ). Categories are; (0) undetermined, (1) sparsely vegetated, (2) upland herb, (3) upland shrub, (4) upland woodland, (5) upland forest, (6) wetland shrub-herb, (7) wetland forest, (8) wetland shrub, and (9) wetland herb. Landform (1-10) GIS Classified landform type derived from the topographic position index (Jenness 2006) . Categories are; (1) canyons, (2) midslope drainages, (3) upland drainages, (4) U-shape valleys, (5) plains, (6) open slopes, (7) upper slopes, (8) local ridges, (9) midslope ridges, and (10) 2018) . In order for the average annual precipitation data to be used in the analysis it had to be resampled from its native 800-m resolution to 30 m, which was accomplished using a bilinear resampling technique within a GIS. ESP was used in the analysis rather than more recent vegetation and fuel information because newer vegetation classifications may not be representative of conditions at the time of entrapment, as vegetation composition can change post-fire (Keeley and Keeley 1981; Keeley 2006) . ESP incorporates the effects of current climate, the physical environment and competitive potential of native plant species to determine the plant communities that become established in late successional development (Rollins 2009 ) and is therefore assumed to better represent the vegetation conditions of sites before entrapment. To test this assumption, comparisons of each entrapment location's ESP classification with vegetation and fuel descriptions available from entrapment reports were made when possible. The comparisons indicated that three entrapments were missing reliable vegetation and fuel information and of the remaining seventeen, ,70% were correctly classified.
Maximum Entropy analysis
MaxEnt is a machine-learning algorithm that uses environmental predictor variables to compare values at occurrence locations with values taken from a large background sample within the entire study area (Phillips et al. 2006) . Specifically, MaxEnt fits the probability distribution of an environmental variable that is the most uniform or spread out (i.e. has maximum entropy) based on values obtained for those sites with an occurrence. Those distributions are then compared with the distributions obtained from the background sample to obtain predictions of the relative suitability of a site. Entropy in this context refers to the concept of information entropy developed by Shannon (1948) , which is related to the amount of information contained in data obtained from a random source, such that low probability data have more information than high probability data. MaxEnt has several advantages compared with more traditional methods, including the ability to handle spatial error in location data and lower sampling effort, but also several weaknesses, including limited transferability to other study areas and model evaluation, see Baldwin (2009) for a more complete discussion. MaxEnt has been widely used in the field of ecology to quantify plant and animal species distributions (e.g. Smith et al. 2012) but also in the field of wildland fire science to predict the geographic distribution of wildfire ignitions (Parisien and Moritz 2009; Parisien et al. 2012) . The algorithm has been shown to work well with small sample sizes, e.g. five to ten samples (Hernandez et al. 2006; Pearson et al. 2007) , and for large geographic regions (Phillips et al. 2006) . As opposed to other statistical methods that require data on both presence and absence (e.g. generalised linear or additive models), the MaxEnt algorithm is referred to as a presence-only model because it only requires location information for sites that are occupied. The issue of determining and defining a true absence in the field of ecology, particularly for predictive distribution models, has been previously discussed (Jiménez-Valverde et al. 2008; Elith et al. 2011) . Within the context of this study the presence-only approach is quite applicable as those locations without a fatal burnover are not true absences, in that not all locations that are suitable for a fatal burnover have had a fatal burnover.
A key concept within the MaxEnt modelling framework is the idea of habitat suitability. When MaxEnt is used to predict species distributions the resulting map is typically interpreted as showing the relative suitability of an area for a particular species to occupy given a set of environmental variables. Merow et al. (2013) describe MaxEnt's raw output as corresponding to the relative rate of occurrence or 'the relative probability that a cell is contained in a collection of presence samples' (p. 1059). In the present paper, the concept of suitability is similar except that the resulting maps display the relative suitability of locations for a fatal burnover, where in this case a fatal burnover is equivalent to a particular species. Thus, those locations with higher raw MaxEnt values are relatively more suitable for a fatal burnover than those locations with lower values. Additionally, because the fatal burnover data cover a long time period, the mapped MaxEnt values do not represent suitability for a specific temporal window.
The stand-alone MaxEnt software (ver. 3.3.3, see http:// biodiversityinformatics.amnh.org/open_source/maxent/, accessed 5 July 2017) was used to conduct the analysis. Specifically, the location of each fatal burnover incident and 10 000 randomly selected background points from across the entire study area were used to assess relative suitability by fitting the probability distribution of maximum entropy based upon the set of environmental predictor variables. Note that each incident, regardless of the number of fatalities, was considered an individual 'occurrence'. The default convergence threshold of 0.00001 and 500 maximum iterations was used in model fitting with the regularisation parameter set to 1. The raw MaxEnt output (MaxEnt exponential model) was evaluated in the analysis rather than the logistic or cumulative outputs, all of which are related monotonically, in order to avoid assumptions about prevalence and sampling effort. Additionally, the effect of each environmental variable on the MaxEnt prediction was assessed by analysing the marginal (keeping other environmental variables at their average value) contribution of the variable using response curves.
Validation of the model was accomplished using a crossvalidation procedure. Specifically, 10 replicated runs were completed by splitting the occurrence data into a random subset of 10 equal-sized groups (18 training and 2 testing) that were used for model evaluation. The Area Under the Curve (AUC) of the receiver-operating characteristic plot was then calculated using each of the fitted models for both the training and testing datasets. AUC is a threshold-independent metric that evaluates the predictive performance of a model (false-positive v. truepositive) with values ranging from 0.5 to 1, where 0.5 indicates a random prediction, 1 a perfect prediction and 0.7 to 0.9 a moderate prediction (McCune and Grace 2002). The results from each of the replicated runs were also used to calculate the mean and standard deviation of the marginal effect of each environmental variable for the response curves. To evaluate the amount of area classified as suitable and the omission error rate, the probability threshold that maximised the sum of specificity and sensitivity was used.
Variable importance was estimated using a jackknife estimator based upon change in the AUC of the test data. Specifically, each environmental variable was removed from the full model one at a time and then refit using the training data to calculate the AUC based on the test data. The difference between the AUC in the full model versus the partial model represents the contribution of that variable to the overall model.
Watershed summary
As the MaxEnt analysis produced raster grids of relative suitability at the 30-m pixel resolution, the results were also summarised at a larger scale to facilitate interpretation and demonstrate applicability. The US Geological Survey (USGS) has developed a nationally consistent watershed boundary dataset (see nhd.usgs.gov/wbd.html, accessed 23 June 2017) for watersheds of various sizes. The Hydrologic Unit Code 12 (HUC12) watershed level is the smallest currently available at the national scale and generally encompasses areas on the order of 4000 to 16 000 ha. The raw MaxEnt values were summed within each HUC12 in the study area and then divided by the area of the watershed producing an area-averaged MaxEnt value. The average values were then sorted and percentiles were calculated to rank the watersheds from most suitable (i.e. 100th percentile) to least suitable. To examine the effects of the summary process, the characteristics of the watershed that had the highest average fatal burnover suitability (i.e. most dangerous) were evaluated in detail. Additionally, the calculated percentiles were compared between watersheds with and without a recorded fatal burnover to evaluate the presence of a threshold percentile.
Results
Data summary
Data from 20 fatal firefighter burnover incidents that occurred between 1928 and 2009 in Southern California were compiled (Fig. 2, Table 2 ). The mean elevation, annual precipitation, slope steepness, and incident radiation at the sites with a fatality were higher than the mean values for Southern California as a whole, although the elevation and incident radiation values at the fatality sites were not particularly unique compared with values from across the study area (Table 3) . Additionally, the fatality sites had more south-west oriented aspects (Beers's aspect values closer to 0) and a higher proportion of sites classified as upland shrub, canyons, and mountain tops than the rest of Southern California (Table 4) .
Maximum Entropy analysis
The results from the MaxEnt analysis indicated that on average ,17% of the Southern California landscape was considered suitable for a fatal firefighter burnover at the probability threshold that maximised the sum of specificity and sensitivity ( Table 5 ). The omission error rate (percentage of presence points in areas predicted to be unsuitable) was ,11% with an average AUC, based on the test datasets, of 0.89. The locations considered most suitable for a fatal firefighter burnover were predominately located on the slopes of the Coast, Peninsular, and Transverse ranges B (Fig. 3) . The jackknife procedure suggested that the annual precipitation, slope and incident radiation environmental variables had the greatest individual contributions to the MaxEnt model based upon the high AUCs obtained from models fit solely with those variables (Fig. 4) .
The marginal effects of the environmental variables on the suitability for a fatal firefighter burnover indicated non-linear relationships with clear inflection points at particular values (Fig. 5) . The MaxEnt values were highest near 430 mm of annual precipitation, between 600 and 1000 m in elevation, and potential yearly incident radiation greater than ,1.06 MJ cm À2 year
À1
. Additionally, Beer's aspects less than ,0.14 (194-2568) had the highest suitability values whereas aspects greater than 1.9 (19-718) had the lowest suitability values. Slope steepness had a particularly dramatic effect on fatal firefighter burnover suitability with slopes greater than 75% (,378) having an increasingly positive influence. The categorical variables also demonstrated that those areas classified as having an ESP of undetermined, upland shrub, or upland forest had a positive effect on the suitability of a fatal firefighter burnover (Fig. 6) . Likewise, landforms classified as canyons, local ridges, and mountain tops also increased the suitability of a fatal burnover.
Watershed summary
The MaxEnt results summarised and ranked by HUC12 indicated that high fatal burnover suitability (.90 percentile) was generally found in many of the watersheds located within both the Transverse and Peninsular ranges (Fig. 7) . The watershed having the highest average suitability was located in Water Canyon in the Sierra Madre Mountains, north-west of Santa Barbara, CA (Fig. 8) . This 4000 ha watershed is ,50 km from the Pacific Coast with an elevation ranging between 410 and 1721 m. Slopes are steep (mean 55%, ,298), generally oriented south-west and are covered extensively by the upland shrub ESP (69%).
Comparisons of the watersheds that have a recorded fatality with those that did not indicated that the majority of fatalities occurred where average MaxEnt values were above the 75th percentile (Fig. 9 ). There were a total of 397 watersheds with average MaxEnt values above the 75th percentile.
Discussion
In this study we used a novel approach to identify and describe the environmental variables that affect fatal burnover suitability and where they combine to produce dangerous conditions by linking spatially explicit data with a machine-learning algorithm. Although the analysis does not directly identify cause and effect relationships between the environmental variables and the burnover incidents, it does provide a general analysis of their relative effects and the specific locations where their influence produces the greatest threat to firefighters.
Terrain influences on fatal firefighter burnovers
Slope steepness and its effect on fire behaviour is a common element described in analyses of fatal firefighter burnovers (e.g. Wilson 1977; Viegas et al. 2009; Lahaye et al. 2018) . Current guidelines by the National Wildfire Coordinating Group (2014) in the US advise that firefighters should be cautious when working on or near slopes that exceed 50% (,278). Likewise, work completed by McArthur (1967) , Van Wagner (1977) and Butler et al. (2007) suggest that dramatic increases in rate of fire spread are possible when slope steepness exceeds , 35-40% (,19-228) . The results from the present study indicate that suitability for a fatal burnover is strongly related to slope steepness and that suitability increases exponentially on slopes greater than 75% (,378). The reason for the increase in fatal burnover suitability on steep slopes is likely influenced by the associated well-documented increase in fire intensity and rate of spread related to dynamic feedbacks and non-steady behaviour as the fire rapidly accelerates uphill (Viegas 2004; Dold and Zinoviev 2009) . It seems that firefighters working on steep slopes are more likely to underestimate or fail to anticipate the possible abrupt increase in fire rate of spread that is possible when the fire either moves to or spots into a position that is favourable for an upslope run. Additionally, steep slopes slow firefighter travel rates potentially compromising safety zone effectiveness (Butler et al. 2000; Alexander et al. 2005; Campbell et al. 2017) . Thus, a combination of increased fire spread rate and slower firefighter travel rates likely contribute to the hazardous conditions found on steep slopes.
Terrain configuration and complexity are environmental characteristics that have previously been linked to extreme fire Terrain and fuels common to fire fatalities Int. J. Wildland Firebehaviour (Barrows 1951; Viegas and Simeoni 2011; Sharples et al. 2012) . It is also an element that has been qualitatively described as important to firefighter safety because of the similarity in terrain among past fatal burnovers (see Fig. 1 ). Specifically, canyons or other areas, such as box canyons and gulches, that can channel winds and hot combustion products have been shown to produce non-constant fire behaviour that is enhanced by terrain curvature and positive feedbacks between the convection column and the atmosphere (Viegas and Pita 2004; Viegas and Simeoni 2011; McRae et al. 2015; Edgar et al. 2016 ).
Viegas and Simeoni (2011) linked several fatal firefighter incidents to the presence and influence of canyons and described a variety of mechanisms attributed to the eruptive nature of fire spread in these terrain configurations. We found that half of all fatal burnovers in Southern California occurred in landforms classified as canyons, which is approximately five times higher than the proportion of the study area that contains canyons as a whole. Additionally, the MaxEnt analysis confirmed that landforms classified as canyons produced the highest fatal burnover suitability values when compared with other landform types. Solar radiation through its effect on fuel temperature and fuel moisture is also known to have dramatic effects on wildland fire behaviour (Countryman 1966 (Countryman , 1977 . Slopes exposed to more direct solar radiation have been shown to have warmer temperatures, lower relative humidity, and higher fire danger (Holden and Jolly 2011) , which increases the potential for wildland fires to start and grow (Barrows 1951; Parisien and Moritz 2009 ). Additionally, fuel flammability, as modified by solar radiation, has been argued to strongly influence predictions of changing fire behaviour especially where wind, slope and preheating of fuel come into alignment (Campbell 2005; Butler 2006 ). The results of the present analysis confirm that locations with potential annual incident radiation values above ,1.06 MJ cm À2 year À1 have a significant positive effect on increasing the suitability of a fatal burnover. At the median latitude of Southern California these values approximately correspond to steep slopes (36-100% or 20-458 slope steepness) between south and westward oriented aspects.
Climate and fuel influences on firefighter fatalities
Several of the environmental variables, including those related to climate, vegetation, fuel and elevation, influenced fatal burnover suitability in Southern California. Specifically, those locations classified as upland shrub, with elevations between 600 and 1000 m and with an average annual precipitation near 430 mm had the highest fatal burnover suitability values. These environmental variables are all related, due to the effects of orographic lifting in coastal mountains on precipitation, subsequent evaporative fraction (Viviroli and Weingartner 2004; Anderson and Goulden 2011) and vegetation cover (Zhang et al. 2001) , and approximately correspond to where Chaparral is found in Southern California (Tyrrel 1982) . Chaparral tends to form dense unbroken thickets across the mountains of Southern California where the combination of an ignition with strong winds can produce large, destructive wildfires (Countryman 1974; Moritz et al. 2010) . Several characteristics associated with many of the plants that compose Chaparral have been argued to contribute to their overall flammability, including high surface area to volume ratio (Countryman and Philpot 1970) , low fuel moisture (Dennison and Moritz 2009 ) and high extractive content (Philpot 1969) . Fuel types composed primarily of shrubs have also been shown to be the most dangerous in terms of the likelihood of an injury for entrapped firefighters (Page and Butler 2017) . analysis. As shown in the Water Canyon example there is still a large amount of variability in terms of fatal burnover suitability within individual HUC12 watersheds. Summaries at finer spatial scales (e.g. HUC14 or smaller) may be appropriate to aid in the identification of specific drainages whose characteristics pose the greatest threats to firefighter safety.
Watershed summary
Management implications
The main objective of this study was to enhance wildland firefighter situational awareness by identifying and describing the important environmental variables that are related to fatal burnovers and where their combined influence poses the greatest threat to firefighter safety. It is expected that wildland firefighters may find the maps and the ranking of the most dangerous HUC12 watersheds useful for discussion and planning purposes. For example, knowledge of the relative dangers associated with specific locations may allow firefighters to adjust incident specific strategies to avoid placing firefighters in these locations. Additionally, general fire management plans and pre-suppression plans may benefit from the identification of watersheds or other spatially defined areas (e.g. firefighter response areas) in terms of fatal burnover potential by designing suppression response protocols that avoid placing firefighters in these areas whenever possible and feasible. Although the results presented in the current study are not readily available to the average firefighter, it is hoped that the data may eventually be incorporated into existing decision support systems, such as the Wildland Fire Decision Support System (Noonan-Wright et al. 2011) , in order to make the results more widely available.
It is important to recognise that particular locations or watersheds identified as having high suitability for a fatal burnover do not necessarily preclude successful fire suppression operations. It is likely that many of the most dangerous locations have had wildfires that were successfully suppressed without serious incident. However, as part of a firefighters sense-making process (Weick 1993) , it is no doubt important to recognise that some locations are particularly vulnerable to eruptive type fire behaviour and share similar characteristics to past fatal firefighter burnovers. This will allow firefighters to make more informed decisions before taking action on a wildfire.
Future research
Expanding the current methodology to encompass other and larger geographic regions that have a history of fatal firefighter burnovers would potentially benefit current and future wildland firefighters. One barrier to expansion is the number of past fatal burnover incidents that have accurate location information. Recent reviews of mostly agency-produced accident investigation reports indicate that the actual locations of fatal and nearmiss incidents for firefighters are rarely directly reported in the US, especially for older incidents, e.g. pre-1990s (Page and Butler 2017) . Although the MaxEnt approach may only require as few as five occurrence locations (Pearson et al. 2007) , thirty or more are usually recommended to produce a more accurate model (Wisz et al. 2008) . Increasing the size of the study area to incorporate more occurrence locations is one possible way to address this issue, but in areas with high environmental variability or unique fire environments this trade-off may produce poor and low quality models. The inclusion of near-miss fire entrapments (i.e. non-fatal) is another option for expanding the sample population, but caution in incident selection and location determination is recommended as the details of each incident can be complex and specific to certain situations. Thus, balancing the size of the study area with the number of occurrence locations will be an important consideration for future research. Although, it is worth noting that MaxEnt models developed with low sample sizes may still be useful for defining areas 'that have similar environmental conditions where the species is known to occur' rather than defining the environmental requirements for a particular species range (Baldwin 2009 ). The inclusion of additional environmental variables in the MaxEnt analysis may also improve future research and facilitate expansion to other geographic regions. For example, geographic areas may have well known and specific environmental factors that have affected past burnover incidents. Including those environmental variables will likely improve the resulting suitability maps. However, the environmental variables should be of a form that can be applied across the entire study area and free of or altered to deal with any temporal components. Wind speed and direction are examples of environmental variables that would seem logical to include in future analyses but because they vary substantially over time they need to be altered to deal with their temporal component, which would require additional assumptions and simplifications.
Conclusions
Developing and nurturing a culture of safety within the wildland firefighting agencies in the US and for that matter worldwide, has become a priority because of several recent fatal firefighter burnovers (TriData 1998; Alexander et al. 2012) . In support of this priority, significance has been placed on leadership development, non-punitive reporting and enhancing organisational learning in order to develop a High Reliability Organisation (Black and McBride 2013) . A key component of organisational learning is to analyse, report and share knowledge gained from past incidents. In this study we coupled location information from past firefighter fatalities in Southern California with geospatial environmental data to provide firefighters with specific details and locations where the variables align to increase the likelihood of a fatal burnover. Steep, south-west orientated Chaparral covered slopes in canyons were identified as particularly dangerous with ,17% of the study area classified as suitable for a fatal burnover.
Future work should consider expanding the methodology developed here to other fire prone locations in order to provide firefighters with additional site specific information related to the occurrence of fatal burnovers. Additionally, incorporation of other environmental variables may also be warranted to accommodate more localised variation in the factors that affect fatal burnover suitability.
Conflicts of interest
The authors declare that they have no conflicts of interest.
